The mammalian E3 ubiquitin ligases RNF8 and RNF168 facilitate recruitment of the DNA damage response protein 53BP1 to sites of DNA double-strand breaks (DSBs). The mechanism involves recruitment of RNF8, followed by recruitment of RNF168, which ubiquitinates histones H2A/H2AX on K15. 53BP1 then binds to nucleosomes at sites of DNA DSBs by recognizing, in addition to methyl marks, histone H2A/H2AX ubiquitinated on K15. We report here that expressing H2AX fusion proteins with N-terminal bulky moieties can rescue 53BP1 recruitment to sites of DNA DSBs in cells lacking RNF8 or RNF168 or in cells treated with proteasome inhibitors, in which histone ubiquitination at sites of DNA DSBs is compromised. The rescue required S139 at the C-terminus of the H2AX fusion protein and was occasionally accompanied by partial rescue of ubiquitination at sites of DNA DSBs. We conclude that recruitment of 53BP1 to sites of DNA DSBs is possible in the absence of RNF8 or RNF168, but still dependent on chromatin ubiquitination.
Introduction
The mechanisms by which cells recognize the presence of DNA damage to activate repair and checkpoint pathways are of considerable importance, because these pathways are critical for maintaining genomic integrity and for preventing cancer development. [1] [2] [3] [4] [5] One of the proteins involved in recognizing a particular type of DNA damage, DNA double-strand breaks (DSBs), is p53 Binding Protein 1 (53BP1), a protein that participates both in checkpoint activation by inducing cell cycle arrest and in DNA DSB repair by stimulating non-homologous end joining. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 53BP1 contains a tandem tudor domain, between amino acids 1485-1602, which is critical for recruitment to sites of DNA DSBs. [16] [17] The tudor domain binds to methylated lysines in the histone core; it can recognize histone H3 dimethylated on lysine 79 (H3K79me2) or histone H4 dimethylated on lysine 20 (H4K20me2) and inhibition of methylation of either of these residues partially compromises 53BP1 recruitment to sites of DNA DSBs. [18] [19] [20] [21] It appears that H3K79me2 facilitates recruitment mainly in the G1 and G2 phases of the cell cycle, while H4K20me2 is more important in S phase. 22 Because both H3K79 and H4K20 map to the histone core and are thought to be inaccessible in higher order chromatin structure, it has been proposed that DNA DSBs facilitate 53BP1 recruitment by opening up chromatin structure. 18, 23 A second domain required for recruitment of 53BP1 to sites of DNA DSBs maps to residues 1231-1277 and mediates 53BP1 homo-oligomerization. 24 Yet, a third fragment corresponding to residues 1614-1629 (region C-terminal to the tudor domain; RCTD) is also essential for recruitment of 53BP1 to sites of DNA DSBs. 24 As mentioned below, the RCTD can recognize ubiquitinated nucleosomes.
53BP1 recruitment to sites of DNA DSBs is dependent on histone H2AX, the DNA damage response protein MDC1 and the ubiquitin ligases RNF8 and RNF168. [25] [26] [27] [28] [29] [30] [31] [32] Key aspects regarding how these proteins function to recruit 53BP1 have been elucidated. Activation of the ATM kinase at sites of DNA DSBs leads to phosphorylation of histone H2AX, which acts as a platform for recruitment of MDC1. Once recruited, MDC1 becomes phosphorylated by ATM, creating binding sites for RNF8, which then ubiquitinates histones H2A and H2AX and possibly other targets. RNF168 is subsequently recruited and this is followed by recruitment of 53BP1. The recruitment of RNF168 and 53BP1 depends on UBC13 E2 ubiquitin-conjugating enzyme and ubiquitin-activation enzyme UBA1. ubiquitin conjugates, [30] [31] [32] and overexpression of RAD18 ubiquitin-binding domain blocks RNF168 and 53BP1 accumulation at DNA damage sites. 34 However, 53BP1 lacks any obvious ubiquitin binding motif.
The exact mechanism by which RNF8 and RNF168 facilitate 53BP1 recruitment to sites of DNA DSBs has been a matter of debate. According to one model, histone ubiquitination changes chromatin structure and provides 53BP1 with access to methylated histones. 27, 29 A second model proposes that ubiquitination results in the removal from chromatin of proteins that mask the 53BP1-binding epitopes. Specifically, L3MBTL1, a Polycomb protein that binds H4K20me2, is ubiquitinated and released from chromatin upon induction of DNA damage in an RNF8, RNF168 and VCP-dependent manner. 35 JMJD2A, another H4K20me2-binding protein, is also degraded in an RNF8 and RNF168-dependent manner following DNA damage. 36 Yet, a third model argues that the RCTD of 53BP1 interacts with the epitope formed when histone H2A is ubiquitinated on K15 and a new name, ubiquitination-dependent recruitment (UDR) motif, was proposed for the RCTD. 37 According to this model, 53BP1 is a bivalent histone modification reader, recognizing both methylation and ubiquitination, via its tudor domain and RCTD/UDR motif, respectively.
In an effort to better understand how 53BP1 is recruited to sites of DNA DSBs, we investigated ways, in which we could rescue 53BP1 recruitment in RNF8-or RNF168-deficient cells. Our results suggest that it is possible to recruit 53BP1 to sites of DNA DSBs in the absence of RNF8 or RNF168. However, our findings are still consistent with a model in which the RCTD/UDR motif recognizes ubiquitinated histones.
Results
Rescue of 53BP1 ionizing radiation-induced foci in RNF8-/-MEFs In response to ionizing radiation (IR), RNF168 ubiquitinates histones H2A and H2AX on lysines 13 and 15. 38, 39 The importance of this modification is strengthened by the observation that overexpression of USP3, a de-ubiquitinating enzyme that targets histones H2A and H2AX, abolishes 53BP1 recruitment. 40 Accordingly, we wondered whether expressing a ubiquitin-histone H2AX fusion protein in cells deficient for RNF8 or RNF168 would rescue 53BP1 recruitment to IR-induced foci (IRIF). We first examined RNF8-/-mouse embryo fibroblasts (MEFs). In these cells, expression of GFP-tagged RNF8 restored 53BP1 IRIF, confirming the previously published observations that loss of RNF8 is responsible for the defect in 53BP1 recruitment to sites of DNA DSBs (Fig. S1A) . To attempt to bypass the RNF8 requirement for 53BP1 IRIF formation, we generated a fusion protein containing a FLAG tag at its N-terminus, then a ubiquitin molecule and finally a histone H2AX molecule (ubiq-H2AX). Strikingly, expression of this fusion protein rescued 53BP1 focus formation in RNF8-/-MEFs (Fig. 1A) . Importantly, the observed 53BP1 foci were IR-dependent ( Figure S1B) and co-localized with gH2AX ( Figure S1C ). Expression of 2 control proteins, FLAG-tagged histone H2AX without a ubiquitin moiety (H2AX) or FLAG-tagged H2AX with a ubiquitin molecule fused to the C-terminus of histone H2AX (H2AX-ubiq) did not rescue 53BP1 IRIF (Fig. 1A) .
All the ectopically expressed H2AX proteins described above were incorporated into chromatin, as revealed by immunoblotting of chromatin pellets solubilized by acid (Fig. S2) . Interestingly, a fraction of H2AX-ubiq was polyubiquitinated, when present in chromatin, and high amounts of polyubiquitinated H2AX-ubiq were also found in whole cell extracts. In contrast, most of the ubiq-H2AX protein present in chromatin was not polyubiquitinated, whereas in whole cell extracts ubiq-H2AX was polyubiquitinated (Fig. S2) .
Although these results confirm that H2AX N-terminal ubiquitination is critical for 53BP1 recruitment to IRIF, they do not inform us on whether the ubiquitin-histone fusion protein itself provides a binding site for the 53BP1 RCTD/UDR motif or has a more indirect effect, such as, for example, opening up chromatin to provide access of the methyl marks to 53BP1. The interaction of many proteins with ubiquitin involves a hydrophobic patch on ubiquitin itself. Substitution of I44 at the center of this patch with alanine abolishes many of the known ubiquitin-protein interactions, including the interaction of 53BP1 with nucleosome core particles (NCPs) ubiquitinated on K15 of histone H2A.
37,41 Accordingly, we reasoned that expression of an I44A ubiquitin-H2AX fusion protein in RNF8-/-cells would not rescue 53BP1 IRIF. However, the I44A mutant was as efficient as wild-type ubiquitin in rescuing 53BP1 foci (Fig. 1A) . Guided by these results, we next asked if any bulky moiety fused to the Nterminus of H2AX could rescue 53BP1 IRIF. Strikingly, a GFP-H2AX fusion protein expressed in RNF8-/-MEFs restored 53BP1 recruitment to sites of DNA DSBs (Fig. 1A and Fig. S3 ). Similar results were obtained with every other H2AX N-terminal fusion studied; AcGFP, SUMO1 and SUMO2 fused to H2AX all rescued 53BP1 IRIF in RNF8-/-MEFs (Fig. S4A) .
Immunoblotting of the chromatin fraction, indicated that the majority of the ectopically expressed GFP-H2AX fusion protein incorporated into chromatin migrated at the expected molecular size (Fig. S2A) . However, a minor species, most likely corresponding to monoubiquitinated GFP-H2AX (see below) was also observed. This could be GFP-H2AX ubiquitinated on K119 (most of the monoubiquitinated endogenous H2A in cells is ubiquitinated on this residue) or GFP-H2AX ubiquitinated on K13 or K15 (since the N-terminal tail of H2AX is intact in the GFP-H2AX protein). If the latter were true, then this could explain the rescue of 53BP1 recruitment. To examine this possibility we expressed GFP-H2AX fusion proteins bearing K13R or K15R single substitutions or a K13R/K15R double substitution or a K13R/K15R/K119R triple substitution. All these mutant proteins were able to rescue 53BP1 IRIF (Fig. 1A and Fig. S4B ). These results suggest that H2AX fusion proteins containing bulky modifications at the N-terminus can rescue 53BP1 IRIF in RNF8-/-cells without the need for the ectopic proteins themselves being ubiquitinated on residues K13, K15 or K119 of H2AX.
The H2AX fusion proteins with the N-terminal bulky moieties that rescue 53BP1 recruitment have an intact H2AX C-terminus that is, most likely, capable of being phosphorylated on S139 in response to DNA damage. Thus, the question arises whether phosphorylation of this residue is required for rescue of 53BP1 recruitment. A S139A substitution in the context of either ubiq-H2AX or GFP-H2AX, abolished the 53BP1 recruitment rescue in RNF8-/-cells (Fig. 1A) . Thus, both a bulky moiety at the N-terminus of H2AX and a C-terminal S139 are required for 53BP1 recruitment in RNF8-/-cells.
One mechanism by which the ectopically expressed H2AX fusion proteins could rescue 53BP1 IRIF could be by facilitating ubiquitination of endogenous H2A/H2AX molecules at sites of DNA DSBs. By immunofluorescence, ubiquitination can be observed at sites of DNA DSBs using antibodies specific for conjugated ubiquitin (FK2 antibody) or for K63-linked polyubiquitin chains. Thus, we examined whether expression of the H2AX fusion proteins rescued ubiquitination at sites of DNA DSBs. The RNF8-/-MEFs expressing the various H2AX fusion proteins were stained by immunofluorescence for conjugated ubiquitin (FK2 antibody), as well as for the presence of K63-linked polyubiquitin chains. None of the H2AX fusion constructs tested in RNF8-/-MEFs rescued FK2 or K63 IRIF (Fig. 1B and Fig.  S4C ), despite rescuing 53BP1 foci. In contrast, as a positive Figure 1 . Rescue of 53BP1 IRIF in RNF8-/-MEFs. (A)RNF8-/-MEFs transiently expressing the indicated FLAG-tagged H2AX proteins were exposed to IR (9 Gy) and 4 h later processed for immunofluorescence. More than one hundred cells with high level of FLAG signal were scored for 53BP1 IRIF. The percentages of cells with more than 10 53BP1 foci (means § 1 SD) from 3 to 4 independent experiments are indicated. Scale bar D 10 mm. K1315R, K13R/K15R double substitution. (B)RNF8-/-MEFs transiently expressing the indicated FLAGtagged H2AX proteins were exposed to IR (9 Gy) and 4 h later processed for immunofluorescence using antibodies reacting with conjugated ubiquitin (FK2) or K63-linked polyubiquitin chains (K63). (C)RNF8-/-MEFs transiently expressing GFP-tagged RNF8 were exposed to IR (9 Gy) and 4 h later processed for immunofluorescence using antibodies reacting with GFP, conjugated ubiquitin (FK2) or K63-linked polyubiquitin chains (K63).
control, expression of GFP-RNF8 rescued both FK2 and K63 IRIF ( Fig. 1C and Fig. S4D ). However, we note that the background staining with the FK2 antibody was quite high (Fig. 1B) and, therefore, the possibility that some ubiquitination was present at sites of DNA DSBs in these cells cannot be excluded.
Expression of canonical histones with terminal bulky moieties in RNF8-/-cells does not rescue 53BP1 IRIF
An unresolved question, from the experiments presented so far, is whether histone H2AX, when fused to bulky moieties, is unique in its ability to rescue defects in 53BP1 recruitment or whether similar effects can be achieved by fusing the same bulky moieties to other histones. To address this question we fused ubiquitin to the N-termini or C-termini of the 4 canonical histones H2A, H2B, H3 and H4 or GFP to the N-termini of these same histones and examined the ability of the fusion proteins to rescue 53BP1 recruitment in RNF8-/-cells. Interestingly, none of the generated fusion proteins rescued 53BP1 recruitment (Fig. S5 ), in agreement with the observation that a S139A substitution within H2AX renders ubiq-H2AX and GFP-H2AX fusion proteins incapable of rescuing 53BP1 IRIF in RNF8-/-cells (Fig. 1A) .
Rescue of 53BP1 ionizing radiation-induced foci in RIDDLE cells
The experiments presented above indicate that placing a bulky moiety at the N-terminus of histone H2AX can rescue 53BP1 IRIF in RNF8-/-MEFs. RNF8 facilitates recruitment of a second ubiquitin ligase, RNF168, to chromatin, which then ubiquitinates lysines 13 and 15 of histones H2A and H2AX. 30, 32, 38, 39 The ubiquitin modifications induced by RNF168 are the ones that are critical for 53BP1 recruitment. Thus, to further probe the mechanism by which RNF8 and RNF168 recruit 53BP1 to sites of DNA DSBs, we examined whether H2AX fusion proteins can rescue 53BP1 IRIF in RIDDLE cells, which do not retain a wild-type RNF168 gene. 42 Expression of ubiq-H2AX rescued 53BP1 IRIF formation in RIDDLE cells, while expression of H2AX-ubiq or FLAG-tagged H2AX did not ( Fig. 2A) paralleling the results obtained with RNF8-/-MEFs. As expected, the 53BP1 foci in the RID-DLE cells expressing ubiq-H2AX were dependent on IR (Fig. S6A ) and all the H2AX fusion proteins were incorporated into chromatin (Fig. S6B) .
We also expressed GFP-H2AX in RIDDLE cells, but the level of expression was very low compared to its expression in RNF8-/-cells (Fig. S6B) . As a result, we could not score significant number of cells expressing high levels of GFP-H2AX and were unable to ascertain whether GFP-H2AX rescues 53BP1 IRIF in RID-DLE cells. As a positive control for all the experiments mentioned above, expression of GFP-RNF168 in RIDDLE cells rescued 53BP1 IRIF (Fig. S6C) .
We next examined if rescue of 53BP1 IRIF in RIDDLE cells expressing H2AX fusion proteins was accompanied by rescue of polyubiqutination at sites of DNA DSBs. As a positive control, expression of GFP-RNF168 rescued the formation of IRinduced foci reactive with the FK2 and K63-linked polyubiquitin chain antibodies (Fig. 2B and Fig. S6D) . Expression of the Figure 2 . Rescue of 53BP1 IRIF in RIDDLE cells. (A)RIDDLE cells were transduced with lentiviral particles directing the expression of FLAG-tagged H2AX fusion proteins. Four hours after exposure to IR (9 Gy) the cells were processed for immunofluorescence. More than one hundred cells with high level of FLAG signal were scored for 53BP1 IRIF. The percentages of cells with more than 10 53BP1 foci (means § 1 SD) from 3 to 4 independent experiments are indicated. Scale bar D 10 mm. (B)RIDDLE cells were transduced with lentiviral particles directing the expression of GFP-tagged RNF168. The cells were processed for immunofluorescence 4 h after exposure to IR (9 Gy) using antibodies reacting with GFP, conjugated ubiquitin (FK2) or K63-linked polyubiquitin chains (K63). (C)RIDDLE cells were transduced with lentiviral particles directing the expression of FLAG-tagged H2AX fusion proteins. The cells were processed for immunofluorescence 4 h after exposure to IR (9 Gy) using antibodies reacting with GFP, conjugated ubiquitin (FK2) or K63-linked polyubiquitin chains (K63).
H2AX fusion proteins did not appear to rescue polyubiquitination at sites of DNA DSBs (Fig. 2C and Fig. S6E ). However, as with the RNF8-/-MEFs, the level of nuclear FK2 staining was quite high (Fig. 2C) , so again we cannot exclude the possibility of low levels of ubiquitination at sites of DNA DSBs in these cells.
Expression of H2AX fusion proteins rescues 53BP1 IRIF in cells treated with a proteasome inhibitor
The experiments presented above raise the possibility that polyubiquitination at sites of DNA DSBs may not be required for 53BP1 recruitment. To further explore this premise, we treated RNF8-/-cells with MG132, a proteasome inhibitor.
43 Treatment of cells with MG132 exhausts the nuclear pool of free ubiquitin, resulting in failure of 53BP1 to be recruited to sites of DNA DSBs. 29 Interestingly, the GFP-H2AX K13R/K15R fusion protein could still rescue 53BP1 recruitment in RNF8-/-cells treated with MG132 (Fig. 3A) . Under these conditions ubiquitination at sites of DNA DSBs was not observed, although again the background levels of FK2 and K63 staining were not negligible (Fig. 3B, C) . Immunoblot analysis of chromatin fractions prepared from the MG132-treated RNF8-/-cells verified that MG132 diminished the nuclear pool of ubiquitin, since the monoubiquitinated species of endogenous H2AX and ectopically-expressed GFP-H2AX were depleted (Fig. 3D) .
To extend these observations, U2OS cells transfected with plasmids expressing H2AX fusion proteins were also treated with the proteasome inhibitor MG132 and then monitored for 53BP1 focus formation after exposure to IR. Expression of ubiq-H2AX or GFP-H2AX fusion proteins rescued 53BP1 IRIF in MG132-treated U2OS cells (Fig. 4A) and the rescued foci colocalized with gH2AX foci (Fig. S7) confirming that they correspond to sites of DNA breaks. In contrast, expression of H2AX-ubiq or FLAG-tagged H2AX did not rescue focus formation (Fig. 4A) . Similar results were obtained with HeLa cells (Fig. S8 ).
An interesting observation in the controls of this experiment was that ectopic expression of H2AX with ubiquitin fused at its C-terminus suppressed the recruitment of endogenous 53BP1 to DNA damage sites. This effect was quite strong in the U2OS cells (Fig. 4A) , but almost undetectable in the HeLa cells RNF8-/-MEFs transiently expressing the FLAG-tagged GFP-H2AX K13R/K15R (K1315R) protein were pretreated with DMSO or MG132 for 1 h, exposed to IR (9 Gy) and 4 h later processed for immunofluorescence using antibodies reacting with conjugated ubiquitin (FK2) and 53BP1. (C)RNF8-/-MEFs transiently expressing the FLAG-tagged GFP-H2AX K13R/K15R (K1315R) protein were pretreated with DMSO or MG132 for 1 h, exposed to IR (9 Gy) and 4 h later processed for immunofluorescence using antibodies reacting with K63-linked polyubiquitin chains (K63). (D)Immunoblots (IB) and Coomassie blue stained gel images of acidic histone extracts prepared from RNF8-/-MEFs transiently expressing the FLAG-tagged GFP-H2AX K13R/K15R (K1315R) protein. Cells were pretreated with DMSO or MG132 for 1 h and exposed to IR (9 Gy) or notirradiated 4 h before preparing the extracts. H2AX (en), endogenous H2AX protein; H2A (en), endogenous H2A protein; mUb, monoubiquitinated. * indicates non-specific band. (Fig. S8) . The underlying mechanism for this effect is beyond the scope of this study, but we note that H2A-ubiq fusion proteins have been previously shown to induce chromatin compaction and to suppress transcription. 44, 45 Immunoblot analysis of chromatin fractions prepared from MG132-treated U2OS cells verified that MG132 depleted the monoubiquitinated species of endogenous H2AX and ectopically expressed GFP-H2AX (Fig. S9) . However, the polyubiquitinated species of ectopically expressed ubiq-H2AX and H2AX-ubiq fusion proteins persisted (Fig. S9) . This is consistent with accumulation of polyubiquitinated species in cells, in which the proteasome has been inhibited. The presence of polyubiquitinated species of H2AX-ubiq and ubiq-H2AX proteins, detected by immunoblotting, prompted us to monitor ubiquitination at sites of DNA DSBs by immunofluorescence. Surprisingly, in MG132-treated cells expressing ectopic ubiq-H2AX or GFP-H2AX proteins we could detect low levels of polyubiquitination at sites of DNA DSBs, whereas no such staining was evident in the adjacent cells not expressing H2AX fusion proteins (Fig. 4B  and Fig. S10 ).
The observation that GFP-H2AX expression in MG132-treated U2OS partially rescued ubiquitin IRIF (Fig. 4B and Fig.  S10 ) raises the possibility that the ability of the H2AX fusion proteins to rescue 53BP1 recruitment may be secondary to their ability to rescue chromatin ubiquitination. To explore this possibility we examined whether the RCTD/UDR motif is needed for 53BP1 recruitment to IRIF in MG132-treated U2OS cells. We expressed ubiq-H2AX together with a GFP-tagged fragment of 53BP1 that encompasses the native tudor domain and the RCTD/UDR motif, but which has a heterologous oligomerization domain (TZp) in place of the native oligomerization domain and, optionally, a L1622E substitution within the RCTD/UDR motif. The L1622E substitution abolishes recruitment of otherwise native 53BP1 to sites of DNA DSBs. 24 Interestingly, the L1622E mutant failed to form IRIF in MG132-treated cells expressing ubiq-H2AX, arguing that an intact RCTD/UDR motif is still required for 53BP1 focus formation under these conditions (Fig. 4C) . The simplest interpretation of these findings is that the rescue of 53BP1 recruitment in MG132-treated cells is secondary to the rescue of chromatin ubiquitination. FLAG-tagged H2AX fusion proteins were pretreated with DMSO or MG132 for 1 h, exposed to IR (9 Gy) and 4 h later processed for immunofluorescence. More than one hundred cells with high levels of FLAG signal were scored for 53BP1 IRIF. More than one hundred cells with no FLAG signal (control cells) from the same slides were also scored. The percentages of cells with more than 10 53BP1 foci per cell (mean § 1 SD) from 3 independent experiments are indicated. ctl, control cells; Scale bar D 20 mm. (B)U2OS cells transiently expressing FLAG-tagged GFP-H2AX were pretreated with MG132 for 1 h, exposed to IR (9 Gy) and 4 h later processed for immunofluorescence for GFP, endogenous 53BP1 and conjugated ubiquitin (FK2). (C)U2OS cells transiently co-expressing a FLAG-tagged ubiq-H2AX fusion protein and a GFP-tagged 53BP1 polypeptide with a wild-type (WT) or mutant (L1622E) RCTD/UDR motif were pretreated with DMSO or MG132 for 1 h, exposed to IR (5 Gy) and 2 h later processed for immunofluorescence with antibodies specific for the FLAG tag and GFP. Scale bar D 10 mm. (D) U2OS cells transiently expressing FLAG-tagged GFP-H2AX were pretreated with DMSO or MG132 for 1 h, exposed to IR (9 Gy) and 4 h later processed for immunofluorescence. More than one hundred cells with high levels of FLAG signal were scored for Rif1 or RAP80 IRIF. More than one hundred cells with no FLAG signal (control cells) from the same slides were also scored. The percentages of cells with more than 10 Rif1 foci per cell or more than 5 RAP80 foci per cell (mean § 1 SD) from 3 ndependent experiments are indicated. ctl, control cells; Scale bar D 10 mm.
Recruitment of Rif1 and RAP80 proteins to sites of DNA DSBs 53BP1 mediates recruitment of Rif1 to sites of DNA DSBs via a mechanism that involves ATM-dependent phosphorylation of the N-terminus of 53BP1. Once recruited, Rif1 functions with 53BP1 to promote repair of DNA DSBs by non-homologous end joining. [46] [47] [48] [49] [50] As expected, treatment of U2OS cells with MG132 inhibited recruitment of Rif1 to sites of DNA DSBs and expression of GFP-H2AX, which rescues 53BP1 recruitment, also rescued Rif1 recruitment (Fig. 4D) . This indicates that 53BP1 recruited to sites of DNA DSBs by ectopically expressed H2AX fusion proteins is capable of being phosphorylated by ATM and performing at least one of its physiological functions, that of recruiting Rif1.
RAP80 is another protein that is recruited to sites of DNA DSBs. Recruitment of RAP80 to IRIF is 53BP1-independent, but dependent on hybrid ubiquitin-SUMO chains that are recognized by ubiquitin and SUMO-interacting motifs present within RAP80. 51, 52 RAP80 facilitates the subsequent recruitment of BRCA1 and repair of DNA DSBs by homologous recombination. [53] [54] [55] [56] Treatment of U2OS cells with MG132 inhibited the formation of RAP80 IRIF (Fig. 4D) . However, ectopic expression of GFP-H2AX did not rescue the defect in RAP80 recruitment to sites of DNA DSBs (Fig. 4D) , thus, distinguishing RAP80 recruitment from the recruitment of 53BP1 and Rif1.
Effect of expression of H2AX fusion proteins on sensitivity of chromatin to micrococcal nuclease digestion
One possibility to explain how the H2AX fusion proteins facilitate recruitment of 53BP1 to sites of DNA DSBs is to propose that they open up chromatin structure. To address this possibility we expressed ubiquitin-and GFP-H2AX fusion proteins in HEK293 cells and monitored chromatin accessibility by limited micrococcal nuclease digestion. We did not observe any consistent differences in micrococcal nuclease digestion patterns (Fig. S11) , suggesting that if the H2AX fusion proteins alter chromatin structure, the changes are localized to the sites of DNA DSBs and are, therefore, not evident when bulk chromatin is analyzed.
Discussion
The mechanism by which 53BP1 localizes to sites of DNA DSBs has been the subject of intense study. 27, 29, 30, [32] [33] [34] [35] [36] [37] 57, 58 The importance of recognition of methylated histones H3 or H4 by the tudor domain of 53BP1 is well-established. 18, 19, 22, 59 Further, there is universal consensus that RNF8 and RNF168 are required for formation of 53BP1 IRIF. However, how 53BP1 recruitment is facilitated by ubiquitination events at sites of DNA DSBs has been more enigmatic, because 53BP1 lacks a canonical ubiquitin-binding domain. Ubiquitination may open up chromatin structure or target for degradation proteins that compete with 53BP1 for binding to methylated histones. 27, 29, 35, 36 Alternatively, as recently proposed, a small region of 53BP1, called the RCTD/UDR motif, may serve as a non-canonical ubiquitinbinding domain that recognizes ubiquitinated nucleosomes. 37 Indeed, the RCTD/UDR motif exhibits remarkable specificity for ubiquitinated nucleosomal core particles (NCPs) in vitro. NCPs ubiquitinated on K15 of histone H2A are recognized by 53BP1, but NCPs ubiquitinated on K13 are not. 37 Ubiquitination of both these lysines is mediated by RNF168. 38, 39 In the course of performing this study we considered multiple mechanisms by which 53BP1 can be recruited to sites of DNA DSBs. Our main finding that 53BP1 recruitment in cells with impaired RNF8 and/or RNF168 activity can be rescued by expressing fusion histone H2AX proteins with bulky moieties at their N-terminus could be interpreted as indicating that the Nterminal bulky moieties open up chromatin structure. This would make the methylated lysines in the histone core (H3K79 or H4K20) more accessible for interaction with the tudor domain of 53BP1. Supporting this interpretation, fusing bulky moieties to histone proteins interferes with chromatin fiber folding. 60, 61 Moreover, expression of H2AX with ubiquitin fused to its C-terminus, which has been associated with transcriptional repression and chromatin compaction, [44] [45] suppressed recruitment of endogenous 53BP1 to sites of DNA DSBs (Fig. 4A) . However, when we tested the chromatin opening hypothesis, we did not observe significant changes in chromatin susceptibility to microccocal nuclease digestion in cells expressing the H2AX fusion proteins (Fig. S11) . Of course, one caveat of this negative result is that changes in chromatin compaction induced by ectopic expression of H2AX fusion proteins may be limited to the chromatin surrounding DNA DSBs and not global enough to be detected by the micrococcal nuclease digestion assay.
Another mechanism by which the ectopically expressed H2AX fusion proteins might rescue 53BP1 recruitment could be by promoting ubiquitination at sites of DNA DSBs. Rescue of 53BP1 recruitment in RNF8-/-and RIDDLE cells was not associated with obvious ubiquitin IRIF; however, in some cells there was background ubiquitin signal present, which could potentially obscure any ubiquitin IRIF. In U2OS cells treated with a proteasome inhibitor, expression of GFP-H2AX rescued partially the FK2 and K63 IRIF (Fig. 4B and Fig. S10 ). Therefore, in these cells, rescue of 53BP1 recruitment is most likely secondary to rescue of FK2 and K63 IRIF. Still, only 53BP1 recruitment, but not recruitment of RAP80, a protein that contains canonical ubiquitin-interaction motifs, was rescued in these cells. Further, depletion of JMJD1C, a protein essential for the interaction of RNF8 with MDC1, abolishes formation of FK2 and RAP80 IRIF, but does not affect 53BP1 recruitment. 62 Interestingly, the rescue of 53BP1 recruitment in RNF8-/-cells by N-terminal H2AX fusion proteins required an intact phosphorylation site at the H2AX C-terminus, since substitution of S139 of H2AX with alanine did not permit 53BP1 recruitment (Fig. 1A) . S139 becomes phosphorylated at sites of DNA DSBs and this phosphorylation recruits MDC1. 63 In turn, MDC1 recruits, in addition to RNF8, the chromatin remodeler NuA4 to sites of DNA DSBs. 64 Hence, expression of the ectopic H2AX fusion proteins could enhance NuA4 accumulation, favoring chromatin opening and 53BP1 recruitment.
A second mechanism by which an intact S139 might favor 53BP1 recruitment might involve direct recognition of phosphorylated S139 by the BRCT domains of 53BP1. In both budding and fission yeast, recruitment of the orthologs of 53BP1 to sites of DNA DSBs involves binding of their BRCT domains to phosphorylated histone H2A. 65, 66 In mammals, an equivalent interaction has not been demonstrated and the BRCT domains of 53BP1 are dispensable for recruitment to sites of DNA DSBs.
8 However, the BRCT domains of 53BP1 are highly conserved in evolution 67 and we cannot exclude the possibility that they may facilitate 53BP1 recruitment to sites of DNA DSBs when histone H2AX fusion proteins are overexpressed.
In RIDDLE cells, the rescue of 53BP1 IRIF was less robust than in RNF8-/-cells (compare Figs. 1A and 2A ; Fig. S1A and  S6C) . Expression of the ubiquitin-H2AX fusion protein led to partial rescue of 53BP1 foci in 27% of the cells, whereas expression of GFP-RNF168, the positive control, led to complete rescue of 53BP1 foci in 100% of the cells. Expression of GFP-H2AX did not rescue 53BP1 foci in RIDDLE cells; although one should note that GFP-H2AX was expressed at much lower levels in RIDDLE cells, as compared to RNF8-/-MEFs (Fig. S6B) . One explanation for the more efficient rescue of 53BP1 IRIF in RNF8-/-versus RIDDLE cells is that the former cells retain a wild-type RNF168 gene. Thus, in RNF8-/-cells, the ectopically expressed H2AX fusion proteins might somehow promote recruitment of RNF168 to sites of DNA DSBs, resulting in ubiquitination of K15 of histone H2A/H2AX.
Taking into account all the arguments mentioned above, we conclude that our findings are consistent with the recent models proposing that ubiquitination is required for 53BP1 recruitment. 27, 29, 35, 36 The requirement for the RCTD/UDR motif of 53BP1 for recruitment to IRIF in U2OS cells treated with a proteasome inhibitor is most consistent with the model proposing that 53BP1 interacts directly with histone H2A/H2AX ubiquitinated on K15. 37 However, our observations also leave open the possibility that, under certain conditions, for example in RID-DLE cells, recruitment of 53BP1 to sites of DNA DSBs may involve additional interactions, such as, for example, a putative interaction of its BRCT domains with C-terminally phosphorylated histone H2AX. Thus, further work will elucidate the subtleties of 53BP1 recruitment to DNA damage sites.
Materials and Methods
Cell lines and cell culture RNF8-/-MEFs, RIDDLE cells and U2OS and HeLa cells lines were cultured in DMEM, supplemented with antibiotics and 10% FBS. To inhibit nuclear ubiquitination RNF8-/-MEFs and U2OS and HeLa cells were treated with 10, 5 and 5 mM MG132 (Sigma Aldrich, Buchs, CH, M7449), respectively, dissolved in DMSO.
Recombinant plasmids
Plasmids encoding H2AX fusion constructs were cloned into pCDZ vector with 2 N-terminal FLAG tags. Plasmids encoding RNF8, and RNF168 polypeptides fused to the C-terminus of GFP were generated from a previously-described mammalian expression plasmid. 18 For lentiviral transduction of RIDDLE cells the coding sequences were subcloned into the pRDI292CMV vector.
Transfections
HEK293T cells were transfected with plasmid DNA using XtremeGene HP according to the manufacturer's instructions (Roche Diagnostic, Basel, CH). RNF8-/-MEFs and U2OS cells were nucleofected with plasmid DNA using BTXpress solution according to manufacturer's instructions (Harvard Apparatus, Inc., Holliston, MA, US) with Amaxa nucleofection apparatus (Lonza Group Ltd, Basel, CH). RIDDLE cells were transduced with lentivirus produced by co-transfecting HEK293T cells with lentiviral plasmids together with the helper plasmids: pCMV-VSV-G, pRSV-Rev, pRRE. Protamine sulfate was used to enhance transduction efficiency at 8 mg/ml concentration (Sigma Aldrich, Buchs, CH; P3369). Cells were analyzed 48 h after plasmid transfection and 24 h after plasmid nucleofection or lentivirus transduction.
Immunofluorescence Cells were exposed to IR (X-ray) in order to induce DNA DSBs (5-9 Gy) or mock treated (0 Gy). Next, cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton-X in PBS and blocked with 1% BSA in PBS. Cells were subsequently stained with primary antibodies for 1 h, washed twice with PBS, stained with secondary antibodies for 30 min, washed twice with PBS and counterstained with DAPI (Invitrogen, Carlsbad, CA, USA, D3571) at 1mg/ml concentration. All steps were performed at room temperature.
Primary antibodies used were mouse anti-53BP1 hybridoma supernatant at 1:20, 67 rabbit anti-53BP1 (Bethyl Laboratories, Inc., Montgomery, TX, US; A300-272A) at 1:1000, rabbit antiRif1 (Bethyl Laboratories, Inc., Montgomery, TX, US; A300-569A) at 1:500, rabbit anti-RAP80 (Bethyl Laboratories, Inc., Montgomery, TX, US; A300-763A) at 1:1000, mouse anti-GFP (Roche Diagnostic, Basel, CH; 11 814 460 001) at 1:500, rabbit anti-GFP (Abcam, Cambridge, UK; ab290) at 1:5000, mouse anti-FLAG M2 (Sigma Aldrich, Buchs, CH; F1804) at 1:1000, rabbit anti-FLAG (Sigma Aldrich, Buchs, CH; F7425) at 1:1000, mouse anti-gH2AX (Millipore, Billerica, MA, USA; clone JBW301, 05-636) at 1:1000, mouse anti-ubiquitin FK2 (Enzo Life Sciences, Lausen, CH; PW 8810) at 1:200, and rabbit anti-ubiquitin K63 (Millipore, Billerica, MA, USA; clone Apu3, 05-1308) at 1:2000 dilution. AlexaFluor secondary antibodies (A11034, A11029, A11032, A11037, and A21244) were used at 1:1000 dilutions (Invitrogen, Carlsbad, CA, USA).
Microscopy analysis
Images of fixed samples were acquired on a Zeiss AXIO Imager M1 fluorescent microscope with 100X Plan-A (1.4 NA) or 40X Plan-N (1.3 NA) oil immersion lenses (Carl Zeiss Microscopy, Jena, Germany), a Hamamatsu Orca ER digital camera (HAMAMATSU PHOTONICS K.K., Hamamatsu City, Japan) and Axio Vision Rel.. 4.8 software (Carl Zeiss Microscopy, Jena, Germany). Grayscale images were processed into colored images based on the pixel intensities in the grayscale image ranging from 0 (black) to 255 (white) using Imagevision software (Silicon Graphics Inc., Mountain View, CA).
Generation of DNA DSBs DNA DSBs were induced using an X-Rad 320 irradiator (Precision X-ray, Inc., North Branford, CT, USA) operating at 320 kV and 12.5 mA.
Protein extracts and immunoblotting
To obtain whole cell extracts, cells were incubated at 4 C for 1 h in buffer containing 50 mM Tris pH 8.0, 120 mM NaCl, 0.5 % NP-40, 1 mM DTT, protease inhibitors and phosphatase inhibitors. After centrifugation the pellet was extracted to obtain acidic histone extract by incubation at 4 C for 1 h in buffer containing 8 mM HEPES, 1.2 mM MgCl2, 8 mM KCl, 0.5 mM DTT, 1.2 mM PMSF and 200 mM HCl. Protein concentrations were measured by Bradford protein assay (Bio-Rad, Hercules, CA, USA; 500-0205) and proteins were separated by SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA, USA, IPVH00010). Primary antibodies used were: mouse anti-FLAG M2 (Sigma Aldrich, Buchs, CH; F1804) at 1:1000, rabbit anti-H2AX (Abcam, Cambridge, UK; ab11175) at 1:5000, rabbit anti-H2A (Abcam, Cambridge, UK; ab18255) at 1:1000 and mouse anti-gH2AX (Millipore, Billerica, MA, USA; clone JBW301, 05-636) at 1:1000 dilution. For loading control, gels were stained with Coomassie brilliant blue (BioRad, Hercules, CA, USA; 161-0400 or 161-0406).
Micrococcal nuclease assay
MNase sensitivity assay was carried out as described. 68 Briefly, after transfection, HEK293 cells were washed with cold PBS and lysed with nuclei extraction (NE) buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 2 mM MgCl 2 , 2 mM CaCl 2 , 1 mM DTT, 0.2% (v/v) NP-40) on ice for 5 min. The resultant nuclei were washed with NE buffer twice, resuspended in NE buffer and digested at 25 C for the indicated time with 0.25 U/ml of MNase (Sigma Aldrich, Buchs, CH; N5386). The reaction was stopped by adding stop buffer (50 mM Tris-HCl pH 8.0, 25 mM EDTA, 1% (w/v) SDS). DNA was purified by incubating the nuclei with 0.6 mg/ml proteinase K for 1 h at 55 C, followed by phenol-chloroform extraction and ethanol precipitation. The DNA was resuspended in TE buffer, resolved by agarose gel electrophoresis and stained with GelRed dye (Biotium, Inc., Hayward, CA, USA). Agarose gels were scanned, and profiles representing band intensity of each line were obtained using ImageJ software (US National Institutes of Health).
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